Introduction
Terrestrial plants have lived under the condition of the 1 xg gravity on earth and acquired the ability to use the gravity in regulation of their life cycle. Methods that produce or simulate non-or micro-gravity conditions provide us with a way to examine the role of gravity in plant life. For this purpose, methods to simulate micro-gravity conditions have been employed. Microgravity conditions can be produced by a free fall from a drop tower or a balloon and by a parabolic flight of airplanes and sounding rockets on earth. Growth processes of plants such as tropism have been examined under a simulated microgravity condition. However, the duration of microgravity obtained by these methods is generally too short for plants to exhibit for 48 h at 23˚C. At the end of the incubation period, the 5-mm uppermost portion of inflorescences was excised and subjected to determination of radioactivity with a liquid scintillation counter.
Determination of cell wall mechanical properties: Segments (10 mm long) were excised from the uppermost parts of inflorescence axes (5-8 cm for rotated inflorescences and 8-12 cm long for the control) of Arabidopsis thaliana plants grown for 33 days in the light at 23˚C. The mechanical property of the cell wall of the inflorescence axis was determined with a tensile tester (RTM-25, Tokyo, Japan). Methanol-killed segments were rehydrated and fixed between the upper and lower movable clamps (the distance between clamps was 5 mm) of the tensile tester. Segments were stretched by lowering the movable clamp at 20 mm/min to produce the initial stress, 2 g. The stress relaxation process was recorded by a computer. Stress relaxation parameters were calculated by the method reported by Yamamoto et al. (1974) . microgravity condition. In this study, a conventional clinostat with a single rotation axis was attempted to be used, although the experiments may have to be done with 3-D clinostat.
Arabidopsis is advantageous for examining the life cycle of plants because it has a relatively short life cycle of approximately one month. Arabidopsis seeds are subjected to germination under the condition of microgravity produced by a clinostat and seedlings are grown under the same condition. Various growth responses of Arabidopsis plants on the clinostat were compared with the corresponding results of ground controls to elucidate the role of the gravity in plant development.
Materials and methods
Plant materials: Arabidopsis thaliana (L.) Heynh. ecotype Columbia seeds were sterilized with 5 % sodium hypochlorite solution containing 0.1 % Triton X for 5 min and washed three times with aseptic water for 5 min each. They were then planted on agar media (1.2 %, 5 ml) in test tubes (16 mm diameter, 20 cm long). The agar media contained 0.1 % Hyponex plant food (Hyponex Corp., Marysville, Ohio U.S.A.). A group of test tubes was subjected to the horizontal clinostat rotation (3 rpm) on a rotator (Rotator RT-5, Taitec, Saitama, Japan) in a growth chamber (MLR-350, Sanyo, Osaka, Japan) and the other group was incubated vertically in the continuous light (15 W/m 2 ) at 23˚C in the same growth chamber. Seeds were allowed to germinate and seedlings were then grown under the same condition.
Transport of auxin: Auxin polar transport in Arabidopsis inflorescences was examined as reported previously (Oka et al. 1996) . Segments, 30 mm long, were excised from the upper portions of inflorescence axes (6-10 cm long) of Arabidopsis plants grown for 34 days in the light at 23˚C. Each segment was turned upside down and put into 1.5-ml plastic tubes with 30 ml of indole-3-acetic acid (IAA) solution containing 1 mci of [1-14 C]-labeled IAA (American Radiolabeled Chem. Inc. St. Louis, MO, USA). Segments and tubes were incubated in the dark 
Results
Arabidopsis seeds on agar media were subjected to clinostat rotation (3 rpm) and allowed to germinate. Seeds rotated on a clinostat germinated in 4 days as well as those placed stationarily (data not presented). Microgravity does not seem to interfere with seed germination of plant seeds and appearance of cotyledons in Arabidopsis plants. The number of leaves was then counted after appearance of the first leaf on day 7 until day 14 (Fig. 1) . Figure 1 shows that clinostat rotation did not affect development of leaves as well as germination.
On day 18, inflorescences whose length was less than 1 mm long could be found in the center of the rosette of Arabidopsis plants as can be seen in Fig. 2 . Simulated microgravity did not appear to affect the appearance of inflorescences. Lengths of inflorescence axes were then measured every second or third day as shown in Fig. 2 . Although clinorotation of Arabidopsis plants were so far found to have no or little effects on growth processes, it was found that clinorotation inhibited inflorescence growth. The length of inflorescence axis was reduced to 61-62% of the control under the simulated microgravity condition. On the other hand, Arabidopsis leaves developed normally, flowers opened and finally seeds were formed under the simulated microgravity condition (data not presented).
Cell elongation in flower stalks is controlled by auxin action as well as stems and coleoptiles (Kohji et al. 1982) . Auxin in stems is transported basipetally from the apical part where auxin is synthesized and acts at the lower part of stems. Thus, there is a possibility that simulated microgravity hinders auxin transport and thus development in Arabidopsis inflorescences. Next, the effect of clinorotation on auxin transport in inflorescence axes of Arabidopsis plants was examined. As shown in Fig. 3 , auxin transport was inhibited by clinorotation. The simulated microgravity seems thus to affect development of the inflorescence through auxin action.
A plant hormone, auxin has been known to enhance cell elongation in stems through cell wall relaxation. If clinorotation inhibits growth in inflorescences through auxin action, simulated microgravity hinders cell wall relaxation. The effect of clinorotation on cell wall relaxation was examined by the stress relaxation analysis (Yamamoto et al. 1974) . Stress relaxation parameters, the minimum relaxation time and the relaxation rate, were listed in Table 1 . Simulated microgravity did not appear to have significant effects on the parameters.
Discussion
Higher plants on earth must have evoluted from lower plants to the present form under the condition of 1 xg gravity vector and may acquire an ability to use the gravity to control their morphogenesis against it. In fact, gravity has effects on plant growth processes such as gravitropism. Effects of gravity on them have been examined by experiments in space or with simulated microgravity on a clinostat (Halstead and Dutcher 1984 , Hoson et al. 1992 , 1993 . However, in these experiments, one of the processes but no whole life cycle of plants has been individually examined. The life cycle of plants starting from germination and ending with flowering and seed formation has not been studied so far. In the present study, developmental processes in the life cycle of Arabidopsis plants was examined.
Many of plant growth processes have been reported to proceed normally under microgravity conditions (Halstead and Dutcher 1984 , Hoson et al. 1992 , 1993 . As reported by these studies, the present study found that Arabidopsis plants develop well even under a simulated microgravity on a horizontal clinostat; Seeds of Arabidopsis plants germinated well, leaves developed well (Fig. 1) , inflorescences developed, flowers opened and finally seeds were formed. However, the simulated microgravity was found to have an inhibitory effect on development of the inflorescence (Fig. 2) whereas it did not affect seed germination and leaf development. The length of inflorescence axes on a clinostat was 61-62% of the control throughout the experimental period.
Stem elongation is principally controlled by auxin, which causes cell wall relaxation to enhance water uptake and thus cell elongation. Auxin has reported to cause cell wall relaxation in peduncles in addition to stems and coleoptiles (Kohji et al. 1982) . Clinorotation of Arabidopsis plants did not significantly affect cell wall relaxation as measured the stress relaxation analysis as shown in Table 1 , although the minimum relaxation time may tend to increase in response to simulated microgravity. Simulated microgravity may not act on the mechanical property of the cell wall. An alternative possibility is that its effect on the cell wall may be too small to detect, or other factors involved in cell extension such as osmotic pressure of cell sap and cell wall synthesis might be inhibited by clinorotation. Further studies are needed.
When a plant is placed vertically, auxin in the plant is laterally transported in response to the gravity, leading to asymmetrical growth of shoots to bend away from the ground (Iwami and Masuda 1974) . Since Arabidopsis plants, which were rotated on a clinostat, received gravity equally from all lateral directions. The lateral movement of auxin may be enhanced by the simulated microgravity on a clinostat. If this is the case, the polar transport of auxin is to be hindered. Actually, the polar transport of auxin in Arabidopsis plant was inhibited by clinorotation as shown in Fig. 3 . There is another possibility that the polar transport of auxin itself is controlled directly by the gravity. A simulated microgravity to decrease the effect of the gravity releases auxin from the controlled transport and consequently the polar transport of auxin may be inhibited by a microgravity.
The maximum length, which the inflorescence Table 1 Effect of clinorotation on stress relaxation parameters of the cell wall in Arabidopsis inflorescence axes.
41.8 ± 1.1 43.1 ±1.0 b, % 6.2 ± 0.18 6.3± 0.22
Segments, 10 mm long, were excised from the uppermost parts of inflorescence axes of Arabidopsis thaliana plants grown for 33 days in the light at 23˚C. The minimum relaxation time, To and the relaxation rate, b of the cell wall of inflorescence axis segments were determined by the stress relaxation method. Mean values of standard errors (n=28 for control, n=32 for clinostat) axis finally reaches, is decreased by a clinorotation. Cell elongation in stems is thought to be controlled by two factors, the osmotic pressure of the cell sap and the mechanical property of the cell wall. The osmotic pressure is the driving force of cell elongation and determines the limitation of water uptake, i.e. the final length of stems. Gibberellin has been reported to enhance stem elongation through its action on increasing the osmotic pressure (Miyamoto et al. 1992) . From this point, there is a possibility that disturbance in gibberellin action enhancing the final height of plants is involved in inhibition of inflorescence elongation on a clinostat. Inflorescence growth and auxin transport, which were found in the present study as disturbed by microgravity, however, were not completely inhibited. These results should be confirmed under the condition of the simulated microgravity condition with a 3-D clinostat with two rotation axes, which has been developed to eliminate the effect of the gravity vector on plant organs (Hoson et al. 1993) . Automorphogenesis of maize shoots and roots on the 3-D clinostat were found to be different from that on the conventional clinostat equipped with a single rotation axis . These reports suggest that the present experimental results of inflorescence growth and auxin transport in Arabidopsis plants should be confirmed under the simulated microgravity with the 3-D clinostat and the microgravity in space. From the results of the present study, the life cycle in Arabidopsis plants could be concluded to be accomplished in space although growth phenomena involving auxin action may be disturbed. Plants may have a capacity to grow in space and we may be able to cultivate crops in space.
